A maximum likelihood method of estimating gillnet selectivity when the data are obtained by gillnet fleets consisting of several nets of differing mesh size is presented in this paper. The SELECT model is expanded by application of the relative length (i.e. the ratio of fish length to mesh size) to obtain a master curve of gillnet selectivity. Four kinds of functional model, normal, lognormal, skew-normal and bi-normal are fitted to the data. 
INTRODUCTION
Many methods of estimating gillnet selectivity have been reported. These have been classified by Hamley 1 into five categories. Under this classification, the method of comparing the fish size compositions captured by two or more mesh sizes is included with the indirect methods. Many researchers use this method because estimates of selectivity can be obtained from the catch data without having to make strict assumptions on the fish population distribution or having to carry out complex calculations.
Some development of indirect method is continued still. 2 , 3 Almost all the method is based on the geometrical similarity theory of Baranov 4 which assumes that selection is a function of the ratio of fish body size and mesh size. Holt 5 developed an early estimating method based on this theory. A similar method was proposed by Ishida 6 and Kitahara 7 in Japan during the same period. These methods are still often used because of ease of calculation.
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The methods of Ishida 6 and Kitahara 7 assume that the fishing intensity of each mesh size in a fleet of gillnets consisting of different mesh sizes are equal. This means that there is an equal chance of fish encounter at any mesh size and also that the gear efficiency of each mesh size is equal.
Fujimori et al. 1 2 expand the method of Kitahara 7 to take into account the difference of gear efficiency of each mesh size. Hence, these methods can only be applied to data sets where the catch effort at each mesh size is the same or to data sets that have been standardized by catch effort, at each mesh size. In such experiments, the gillnets are fished two or more times for a certain length of time and usually the aggregated data is used to analyze the gillnet selection. The numbers of nets at each mesh size, however, are not necessarily equal. Ishida 6 and Kitahara 7 therefore used CPUE to standardize the data in their analyses where the number of nets is assumed to be a measure of catch effort.
The catching of gillnets is also influenced by the interaction of fish behavior and environmental conditions such as current, illuminance, etc. 1 3 , 1 4 This suggests that the likelihood of fish encounter to a net during each fishing operation will not be constant, and, therefore, that the fishing intensity will vary at each operation. In addition, there may be competition for fish between nets with different mesh sizes. 1 5 Pope et al. 1 6 proposed operational methods to decrease this competition, and Kitahara 7 examined the bias due to net position of one mesh size in a fleet and corrected the catch data based on this result. In addition, it is known as a matter of course that gear efficiency changes as mesh size increases. For gillnets, three mesh sizes or more are necessary to obtain satisfactory results. This is due to the fact that the selection range of gillnets is wider than those of the gears mentioned above. Hence it is thought that using a SELECT model in conjunction with a multinomial 
ESTIMATING METHOD

General model
Let c i j be the number of fish of length l j caught in a net with mesh size
Hence
where λ j is the number of fish of length l j that come into contact with the net, S i j is the selectivity of the net with mesh size m i to fish of length l j , q i is the gear efficiency and x i is the relative catch effort. Defining p i , the relative fishing intensity to be p i = q i x i gives
where
. k is the number of mesh sizes used. Assuming the principle of geometric similarity permits the selectivity curve to be expressed as
where R i j = l j /m i and s(R i j ) is in the range 0<s(R i j )≤1. Kitahara 7 called the 5 selectivity curve of this type a master curve, which is based on length to mesh size ratio (relative length). Substituting eq.(3) into eq. (2) produces
Selectivity curve model
Generally, the selectivity curve of gillnets has been assumed to be a In this study, four kinds of function are used as a selectivity curve model. These are divided into two types of function, unimodal function (the normal, the lognormal, and the skew-normal function) and bimodal function (the bi-normal function).
The equation of the normal, lognormal, and skew-normal model are shown below.
where, R 0 in each model is the relative length with the maximum value 6 (=1.0) of the selectivity curve and σ is the parameter that decides the curve width. The parameter η in the skew-normal model is the skewness constant.
The equation of the bi-normal model is given by
Here, R a and R b are the relative length with the maximum value of each constituent normal curve and σ a and σ b are the parameters that decide the width of both these curves respectively. The weighting factor ω decide the height of second curve, and δ the scaling constant to make the maximum value of the selectivity 1.0.
Fitting the model by maximum likelihood method
Let C j be the total number of fish of length l j that are caught by a gillnet fleet that consists of panels of several mesh sizes. Hence:
The probability that a fish of length l j is caught by each mesh size as
,c k j is described by the following multinomial distribution.
Here, φ i j is the proportion of fish of length l j captured in a mesh of size m i and has the equation: 
where, n is the number of length classes. Substituting the general model Eq. (4) into Eq. (11), the estimated proportion of fish caught with relative length can be obtained as:
Then, the parameters of selectivity model and relative fishing intensity 
Model deviance
Model deviance is evaluated from the residual differences between φ i j calculated directly from the data and φ(R i j ) from the model. Hence, the deviance residual is given as follows.
The sign of the right side is depending on whether φ i j is greater (plus) or less than φ(R i j ) (minus).
The deviance residuals obtained from Eq. Table 1 gives the catch of pink salmon Oncorhynchus gorbushia from a stock investigation by Oshoro-Maru of Hokkaido University in 1957.
Catch data
These data were obtained from six types of gillnet of differing nominal mesh size (7.6, 9.6, 10.6, 12.1, 12.7 and 13.6cm) and were used by Ishida 6 to estimate selectivity. Ishida uses only the data in the fork length range of 41.5 to 47.5cm although the original data set comprises fish in the range 36.5 to 56.5cm. Ishida transformed this data to CPUE (catch per one hundred net) in his calculation since the number of nets used for each mesh size was different (see Table 1 ). However, we do not standardize the data because the method we propose is able to estimate the difference of fishing intensity in each mesh size.
RESULTS
The estimated parameters of each function model are shown in Table 2 .
In each case the model deviance were smaller when the p i were estimated than when they were fixed (the parameters of the skew-normal model with the p i fixed was not converged). It is thought that, the estimates of the model parameters are more reliable when the p i are estimated. Comparing each function model, the bi-normal model showed the lowest model deviance regardless of whether the p i was estimated or not, although its model deviance is higher than its degree of freedom as same as that of other model (P<0.01, chi-square test). Fig. 1 shows the master curve of selectivity for each model when the p i was fixed. The bi-normal model is similar in modal relative length to the normal and skew-normal model, although, as would be expected, its overall shape differs. The modal relative length of the lognormal model is larger than that of the other models. The observed and estimated probability of capture, φ i j and φ(R i j ), are compared in Fig. 2(a) and (b) . The results of the unimodal models are all fairly similar. The lognormal model provides a better fit than either the normal or skew-normal for the 7.6cm mesh size data, and has smaller model deviance. Overall, however, the bi-normal model is the best fit and gives a large reduction in model deviance compared with the unimodal models. It is inferred naturally that the modal length of these probabilities will be large as the mesh size expands. Such a tendency is seen clearly in the bi-normal model although the probabilities of the 13.6cm mesh size are slightly larger than that of 12.7 cm (Fig. 2) . Table 2 ).
The relative fishing intensity, p i , is assumed to reflect the influence of catch effort and gear efficiency. However, in this study, it is thought that p i mainly reflects the effect of catch effort alone. This is because the number of nets used is a decisive factor affecting the catch size. Accordingly, the p i estimates are compared with the relative catch effort (see Table 1 ). On making this comparison, in effect, we are assuming that q i =1 and that p i =x i . The p i estimates of the normal and skew-normal model are very poor fits to the catch effort values (Fig. 4) . This is particularly the case for the p 1 value. There is a slight improvement with the lognormal model, however, the best agreement is found with the bi-normal model.
DISCUSSION
Validity of the estimating model
In any model, the model deviance is substantially higher than its degree of freedom (P<0.01, chi-square test) and the residuals shown in Fig.3 does suggest some lack of fit even in the bi-normal model. It will be one of the reasons that the data of each mesh size in this study was not taken with the same experimental condition; the combination of mesh size was varied between hauls. However, it is clear that estimating the relative fishing intensity, p i , improves the fit of the selectivity curve to the data. Furthermore, the bi-normal model is most appropriate to the pink salmon data used in this study. In Fig. 5 the selectivity curves for the 12.1 cm mesh, estimated from the master curve of each model, are compared with the selectivity plots calculated from Ishida's method. 6 Ishida's results have not been adjusted by the coefficient of population density. This method is capable of estimating fishing effort when the optimal function model is used to estimate the selectivity curve. The relative fishing intensity, however, is not equivalent to the relative catch effort because it is not certain that the gear efficiency, q i =1. Millar and Fryer 2 2 used the data obtained from six kinds of mesh size with the same number of nets. They supposed that the relative fishing intensity was a function of mesh size because due to the fact that there was the same number of meshes in each net, the lengths of their nets were proportional to the mesh size.
However, they did not show an improvement of estimating accuracy.
The relative fishing intensity in this study includes a contribution from both gear efficiency and relative catch effort, i.e. p i = q i x i . Therefore, if the contribution of the catch effort is smaller than that of the gear efficiency, the relative fishing intensity will not accurately characterize the effort factor. As in this study, the influence of catch effort might have to be analyzed after the relative fishing intensity of each mesh size is obtained individually and before the number of parameter is decreased by the assumption that the relative fishing intensity will be a function of mesh 13 size.
Shape of selectivity curve
Almost all the selectivity curve of gillnets in recent studies are
represented by an asymmetrical curve model. Generally, the mesh does not select the same body part of fish and accordingly if the girth at these parts is greatly different, the skewness of curve will be large.
Yamamoto and Mishima 3 2 were able to distinguish, from wounds on the body of pink salmon, where the gillnet caught the fish: either between the operculum and the pectoral fin; or between the pectoral fin and the dorsal fin. Moreover, they have shown that the catch frequency of each region was not equal and changed with the seasons. If it is assumed that a girth of 24.2 cm is the optimum girth that is caught in a mesh size of 12.1 cm, the effect of fish being caught at different parts of the body can be examined. The fork length of a pink salmon with a 24.2 cm operculum girth is 48.7 cm whereas that for a fish with a 24.2 cm body girth is 42.2 cm. 3 2 The difference of fork lengths is 6.5cm, which is close to the difference between the two modal lengths (=8.5cm) of the bi-normal model (Fig. 5) . Thus, it is thought that such multiple part selection causes bi-normal selectivity in gillnets. Such a capture process of gillnet has reported by Hovgård.
Further investigation is needed to clarify the details of gillnet capture process to decide a selectivity curve precisely.
This method does not need any standardization of catch data in calculation of the selectivity, even if the catch effort of each mesh size is different. Moreover, the difference of catch effort can be estimated by the relative fishing intensity, and if the data obtained by the same catch effort is used, the bias of gear efficiency in each mesh size may be evaluated, although a large data might be necessary for calculation to obtain a statistical reliability. The use of an appropriate model for selectivity curve is a prerequisite to evaluate the catch effort and the gear efficiency accurately. Accordingly, it is necessary to use a range of function models for the selectivity curve and to examine the residual of each model. 
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